We developed a large cell culture surface with a nanostripe structure by paving polydimethylsiloxane (PDMS) replicas of a glass mold. The stripe structure has a height of 180 nm and top width of 500 nm with 400-nm intervals between stripes. Human stomach cancer SH-10-TC cells cultured on the surface changed their morphology to elongated shapes parallel to the nanostripes. In addition, cell motility parallel to the stripes was greatly enhanced. These findings strongly suggest that the nanostripe structure affected the cell physiology.
Cell adhesion plays a critical role in adherent cells. It triggers signal transduction within the cells and affects cell growth and differentiation. Although many biochemical studies of cell adhesion have been reported to date, most of them were molecular-level studies concerning the extracellular matrices (ECMs) and proteins on the cell membrane. While most of these studies were conducted on flat cell-adhesion surfaces, ECMs attached by cells have filamentous structures 10-1,000 nm in diameter. Therefore, the effects of the physical structure are also considerable. The influence of micro-or nanoscaled chemical patterns or topographic structures on cell adhesion have also been reported as reviewed in reference 1. In most cases, fibroblasts were elongated and aligned parallel to the stripe structures, 2-100 mm in width. Although cell patterning by chemical modification patterns or topographic structures 2-100 mm in scale, i.e., almost the same size as or larger than the cells, have been well-studied, very few studies have been conducted on structures much smaller than the cell size. Nanopatterned surfaces for cell attachment have been fabricated by colloidal lithography, 2) polymer demixing, 3) and copolymer formation. 4) Although these methods provide surfaces that have a nanometer-scale topography, obtaining precise control of the scale and shape of the patterns is very difficult. In most cases, only dot-shape structures have been realized. An electronbeam lithography process can precisely control the scale and shape of the patterns on silicon or glass substrates. Using these techniques, topographic structures [5] [6] [7] and chemical patterns 8, 9) at a scale of about 100 nm have been realized. Fibroblasts on the surface were stimulated by the nanometer-scale topography, and the cells were elongated and aligned along stripe (line-and-space) patterns.
6) The morphological change was remarkable in epithelial cells. They had an elongated shape on a stripe structure, while their morphology on a flat surface is very much spread out. 7) Because epithelial cells are contacted with and stimulated by fibrillar ECMs, it is important to investigate cells' response to a nano-scaled topographic stimulus, including cell morphology, motility, growth, and functions. Although morphological studies of the cells cultured on nanopatterns have been reported, no other types of studies have been reported. One of the main reasons for this is the unavailability of cultured surfaces with well-controlled nanostructures, because electron-beam lithography requires a long time and high cost to fabricate even a small area of nanostructure. Moreover, the silicon wafer and quartz glass substrate used in previous research are very hard materials, unlike ECMs. Fibroblasts were mostly used in these experiments, and the responses of other types of cells have not been clarified.
In this study, we focused on the migration and motility of cells cultured on a surface with a nanostripe structure. Because cell migration is an important feature of tumor invasion, SH-10-TC cells from human stomach cancer were chosen for analysis. To realize the experiments, we developed a large surface for cell cultures with a nanostripe structure by paving soft polymer replicas of a glass mold made by electron-beam lithography. Cell imaging and cell migration studies were performed on this structure.
Materials and Methods
Materials, reagents, and cells. Polydimethylsiloxane (PDMS) prepolymer (Silpot 184) was purchased from Dow Corning Toray y To whom correspondence should be addressed. Fax: +81-3-5841-8027; E-mail: analchem@mail.ecc.u-tokyo.ac.jp Abbreviations: AFM, atomic force microscope; ECMs, extracellular matrices; FBS, fetal bovine serum; FITC, fluorescein isothiocyanate; PDMS, polydimethylsiloxane; SEM, scanning electron microscope (Tokyo). Quartz glass slides (Grade S) were purchased from Shin-Etsu Chemical (Tokyo). An electron beam resist (ZEP-520) and conductive polymer (Espacer300) were from Zeon (Tokyo) and Showa Denko (Tokyo) respectively. Human-derived fibronectin was from Asahi Techno Glass (Tokyo). Phosphate buffered saline (PBS) and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-modified RPMI 1640 medium were from Sigma-Aldrich (St. Louis, MO). RPMI 1640 medium and fetal bovine serum (FBS) were from Gibco, Invitrogen (Carlsbad, CA). An actin cytoskeleton and focal adhesion staining kit (FAK100) and fluorescein isothiocyanate (FITC)-labeled anti-mouse IgG (AP124F) were from Chemicon International (Temecula, CA). Rhodamine phalloidin was from Molecular Probes, Invitrogen. All other reagents were purchased from Wako Pure Chemical (Osaka, Japan). SH-10-TC, a cell line derived from human stomach cancer, was obtained from the Institute of Development, Aging and Cancer, Tohoku University (Miyagi, Japan).
Instrumentation. An electron-beam lithography system (ELS-7500M; Elionix, Tokyo) and a high-density plasma etching system (NE-550; Ulvac, Kanagawa, Japan) were used for nanofabrication. An atomic force microscope (AFM; scanning probe microscope system, SPA-400 multi-function unit, SII NanoTechnology, Tokyo) was applied to obtain images of the PDMS nanostructure. An IX71 inverted phase-contrast microscope (Olympus, Tokyo) with MetaVue 6.3 software (Molecular Devices, Sunnyvale, CA) was employed to obtain phase-contrast and fluorescent images of the cells.
Nanofabrication on PDMS sheets. First a glass mold was fabricated on a quartz glass slide by electron-beam lithography and a reactive ion etching process, as described previously. 8) An electron beam resist was coated on a glass with a spin coater, and the glass was baked to fix the resist at 180 C for 2 min. Then the conductive polymer was coated in a similar way, followed by drawing with the electron-beam lithography system. The glass was washed in extra-pure water, followed by development in xylene at 22 C for 5 min. After it was washed in 2-propanol and dried with nitrogen gas, the glass was etched under dry conditions with the high-density plasma etching system. Finally, the resist was washed away with dimethylsulfoxide, and then a glass mold was obtained. Figure 1B illustrates the design of the mold stripes. Nanochannels with dimensions of 400 nm Â 250 nm Â 12 mm (width Â depth Â length) were arrayed at 500-nm intervals in a 12-mm square. Next, PDMS prepolymer was casted on the mold and cured at 120 C for 150 s. The resulting PDMS replica was peeled off the glass mold and cut along the fabrication area. For control experiments, flat PDMS sheets without nanostructures were also fabricated similarly using a quartz smooth glass slide without a nanostructure.
Cell culture. PDMS sheets were cleaned with 70% ethanol in an ultrasonic bath, followed by rinsing with PBS. After surface treatment with a fibronectin solution, a conventional plastic culture dish was paved with the resulting PDMS sheets. SH-10-TC cells were cultured in RPMI-1640 medium supplemented with 10% FBS at 37 C in a CO 2 incubator. For the migration study, a HEPES-modified RPMI-1640 medium supplemented with 10% FBS was used, and cells were incubated at 37 C in an incubation box without control of the CO 2 concentration.
Cell staining. When the culture was grown to 50% confluence, the medium was removed carefully to remove non-adherent cells simultaneously. The attached cells were fixed with 4% paraformaldehyde for 20 min, followed by two washes with 0.05% Tween 20. The cells were permeabilized with 0.1% Triton X-100 for 5 min, washed twice with 0.05% Tween 20, and blocked with a 1% BSA solution for 30 min. All primary and secondary antibodies were diluted with PBS. After incubation with 2 mg/ml of mouse anti-vinculin at room temperature for 60 min, the samples were washed 3 times with 0.05% Tween 20 and then incubated for 45 min at room temperature in a solution containing 5 mg/ml of FITC-conjugated goat anti-mouse and 60 ng/ml of rhodamine-conjugated phalloidin. After washing them 3 times with 0.05% Tween 20, the samples were briefly immersed in 0.2 mg/ml of DAPI. The samples were finally washed 3 times with 0.05% Tween 20 and then immersed in PBS. Each sample was photographed using the inverted fluorescence microscope.
Time-lapse motion picture. For analysis of cell migration, an incubation box was fixed on the inverted phase-contrast microscope. In the box, humidified air was maintained at 37 C without control of the CO 2 concentration. The cells were seeded onto PDMS sheets treated with fibronectin, and the dish was placed on the microscope stage in the incubation box. During the experiments, the incubation box was completely covered with a blackout curtain, and the cells were exposed to xenon light at minimum intensity in shooting images. The images were captured every 5 min for 3 d to obtain a movie. To track the cells, 20 cells were chosen from each image frame, the positions of the cells' nuclei were recorded every 5 h for 50 h, and the positions were connected with straight lines. Position changes after 5 h of culture, i.e., distances and directions from their original position, were recorded for analysis. In the case of the nanostripe PDMS sheets, the angle between the migration line and the direction of the nanostripes was used to define the direction of cell migration. 
Results and Discussion
Fabrication and cell culture PDMS sheets with and without nanostripe structures were fabricated. Figure 1C and D show scanning electron microscope (SEM) and AFM images of the sheet. The cross-sectional view of the AFM image indicates that a stripe had a height of 180 nm and a top width of 500 nm at 400-nm intervals. Although the glass mold had a rectangle cross section, the PDMS structure swelled in the width direction, and hence the bottom width of the nanochannels could not be measured. This inaccurate transcription was probably due to large temperature changes during the fabrication process.
The shape and dimensions of the structure, however, were reproducible, and we concluded that the sheets were useful for cell-culture studies. More than 100 PDMS sheets could be made from the glass mold. Smooth PDMS sheets without a stripe structure had 6.5 nm of roughness (data not shown), sufficient for control experiments.
Since PDMS is not a suitable material for cell attachment, surface pretreatment is required for cell culture. After optimization experiments, pretreatment procedures were performed as described below. PDMS sheets with and without nanostripes were first washed with 70% ethanol in a sonic bath, followed by washing with PBS. The sheets were dipped in a 5-mg/ml of fibronectin solution for 2 h at 37 C or overnight at 4 C. The resulting sheets were washed 3 times with PBS, and then used to pave the entire bottom surface of the conventional plastic cell-culture dish. Cells suspended with the medium was placed in the dish and cultured in a CO 2 incubator for cell attachment, as usual. Whereas the cells on the flat PDMS sheet attached to the surface within 2 h, those on the nanostripes required about 10 h for attachment, but there was no apparent difference in cell growth rate after cell attachment. Figure 2 shows phase-contrast microscopic images and fluorescence microscopic images of the cells. On the smooth PDMS sheet, the cells showed polygonal shapes at random orientation, and most cells appeared in clumps ( Fig. 2A) . F-actin aligned in all directions. Vinculin, a protein playing a part in focal adhesion, was present at the ends of the F-actin and was found under the cells (Fig. 2B) . In contrast, the cells on the nanostripe structure showed elongated shapes parallel to the nanostripes and many of them were isolated (Fig. 2C) . Figure 2D shows a fluorescent microscopic image of the cells cultured on the nanostripes. Because of the optical effects of the nanostripes, it is difficult to take clear images with an inverted microscope. Whereas the images obtained were less clear than those in Fig. 2B , Factin also parallelly aligned to the nanostripes. Vinculin was present mainly at the edges of the cells, and fewer spots of vinculin were observed at the center of the cells.
Cell morphology and F-actin alignment
Similar cell and F-actin alignment has been found in the case of fibroblasts cultured on microscale stripes in many previous studies and cells on the nanopatterned surface. [5] [6] [7] [8] [9] The morphological change in the SH-10-TC cells in this study was more remarkable than that of fibroblasts in previous studies of which shape was originally elongated.
Cell migration
A time-lapse motion picture of the cells cultured on the nanostripes is shown in Supplemental Movie 1 (see Biosci. Biotechnol. Biochem. Web site). After they were attached to the surface, the cells were stretched to a spindle shape. Many cells walk in a horizontal direction in the movie, parallel to the nanostripes. During culture, small globular cell debris appeared on the nanostripes. They were derived from broken particles of excessively stretched points of the cells. They were left on the attached surface when the cells reversed direction. Fig. 3A . The Y-axial movement, i.e., movement perpendicular to the nanostripes, was similar to those of cells on the flat surface. In the case of X-axial movement, many cells on the nanostripes moved a much longer distance (up to 300 mm). Figure 3B shows the distribution of cell migration. The migration distances of the cells on the nanostripes ranged to 300 mm, whereas those on the flat surface were within 100 mm. The migration angles to the stripe are summarized in Fig. 3C . The cells on the nanostripes preferred to migrate to about 0 , 180 , and 360 rather than 90 and 270 . Whereas the cells walked to all directions equally on the flat surface, cell migration on the nanostripes was greatly enhanced, especially in directions parallel to the stripes, and many cells moved a long distance along the stripes. Similar enhancement of cell motility and a guiding effect on cell migration of the nanostripe structure have not been reported.
The cells have dimensions of several tens of micrometers, which is much larger than the stripe gap (400 nm). Although the 400-nm gap was easily overridden by the cells, they were strongly affected by the gap. These findings carry suggestions as to the mechanism of cell migration and cell attachment. For instance, the following hypothesis might be suggested: If focal adhesion moves with the gliding steps, it is difficult to cross the gap, while the gap has little influence if focal adhesion walks to another point in long inchworm-like strides.
In summary, we developed a large cell-culture surface with a nanostripe structure by paving PDMS replicas of a glass mold. Human stomach cancer SH-10-TC cells cultured on the surface changed their morphology to an elongated shape parallel to the nanostripes. In addition, cell motility parallel to the stripes was greatly enhanced. These findings strongly suggest that the nanostripe structure affected the physiology of the cancer cells.
